537th MEETING, CANTERBURY 637 (2) The enzyme NAD pyrophosphorylase (EC 2.7.7.1) catalyses the reaction ATPSNMN + NAD++PPi. This enzyme is found exclusively in the cell nucleus.
Preliminary investigations indicated that differences exist between the NAD glycohydrolase of subcellular organelles (Mamaril et a/., 1970) . The first part of this report deals with two forms of NAD glycohydrolase which we have isolated from tumourcell nuclei.
Isolation of nuclear NA D glycohydrolase
The source of NAD glycohydrolase was a nuclear preparation isolated from Ehrlichascites cells by centrifugation through sucrose-density barriers to remove whole cells, microsomal fractions (microsomes), mitochondria and debris (Maniaril et al., 1970) .
Since microsomes contain 80-90 % of the total cellular NAD glycohydrolase activity, the content of glucose 6-phosphatase activity was determined in each nuclear preparation (Swanson, 1955) . The presence of non-specific phosphatases was also determined.
The clean nuclei resulting from the centrifugation through 2.1 M-sucrose were washed free of sucrose and were then disrupted by sonication for l.0min in a IOOW, 20Hz MSE ultrasonic disintegrator. Solid NaCl was added to the sonicated material with gentle mixing until the final concentration was 2 . 0~. After 30min at 4"C, the solution was centrifuged at l05000g for 1 h and the small gelatinous precipitate was taken up in 0.1 M-phosphate-EDTA buffer, pH7.4.
The clear 10500Og supernatant solution was adjusted to 0.15~-NaCI by the dropwise addition of cold distilled water. After being left to stand, the nucleoprotein was collected by centrifugation for 30min at 105000gand was suspended by homogenization in a small volume of the phosphate-EDTA buffer.
Analysis of these two preparations demonstrated the existence of two forms of NAD glycohydrolase. One, a soluble form associated with DNA and the other, an insoluble form which could be sedimented from the ~M -N~C Ibuffer mixture at 105000g. A sample of the 2M-NaCI preparation was tested to determine whether the material in the 2~-N a C l solution was the result of a partial release of enzyme from the DNAbound form of the enzyme. The results indicated that the lipase-solubilized NAD glycohydrolase from the insoluble preparation would not reassociate with DNA during its precipitation from an iso-osmotic medium. The possibility exists, however, that solubilization of this NAD glycohydrolase by lipase may have rendered the enzyme incapable of reassociation or that all binding sites on the DNA were occupied.
Our results did show glucose 6-phosphatase activity in the ~M -N~C I preparation. Siebert & Humphrey (1965) have suggested that the outer nuclear membrane is a continuation of the endoplasmic reticulum. Since the endoplasmic reticulum (i.e. microsomes) is high in glucose 6-phosphatase activity (de Duve eta/., 1962) , the activity of this enzyme in our nuclei and more specifically in our ~M -N~C I preparation, represented either a contamination of the nuclei with microsomal material or a normal component of the cell nucleus.
Characteristics of iiiiclear NA D glycohydroiases
Studies were carried out to establish if the NAD glycohydrolases isolated from the nuclei of Ehrlich ascites cells were indeed of nuclear origin. The characteristics of these enzymes were compared with those of microsonial NAD glycohydrolase under a variety of experimental conditions. p H optimum. Microsomal NAD glycohydrolase has a sharp pH optimum between pH6.3 and pH6.5 (Green & Bodansky, 1965) . The pH optima of the NAD glycohydrolases in the ~M -N~C I precipitate and the DNA precipitate were rather broad, and were from 6.3 to 7.0 and 6.6 to 7.1, respectively.
Nicotinamide itzhibition. NAD glycohydrolase from rats is 50% inhibited by 1 mMnicotinamide (Zatman et al., 1953) . Our results show a 50 % inhibition of Ehrlich-ascites cell microsomal NAD glycohydrolase in the presence of 2.43 m~-nicotinamide. In contrast, the concentrations of NAD glycohydrolase in the 2~-N a C t preparation and of the NAD glycohydrolase of the DNA preparation were significantly lower and were 0.93 and 0.33my respectively.
Heat lability of N A D glycohydrolases. The NAD glycohydrolase from the 2 wNaCI preparation and from the microsomal preparation were both insensitive to incubation at 45°C for Smin. In contrast, the NAD glycohydrolase in the DNA preparation was extremely labile and was completely inactivated after 2min at 45°C.
N A D glycohydrolase activity in the presetice of NuCI. Since the nuclear enzymes were isolated from a ~M -N~C I medium, it was of interest to determine if high salt concentrations influenced the activity of the enzymes. Microsomal NAD glycohydrolase was essentially unaffected by the presence of NaCl at concentrations up to 1 .OM. The nuclear NAD glycohydrolase in the ~M -N~C I preparation had 70% of ils original activity in l.OM-NaCI, whereas the NAD glycohydrolase in the DNA preparation had 35% of its original activity in reaction mixtures containing OSM-N~CI.
Efect of deoxyribonuclease. Incubation with deoxyribonuclease did not influence the activity of the microsomal or the 2~-N a C 1 NAD glycohydrolases. In contrast, the NAD glycohydrolase in the DNA preparation was completely inactivated.
Substrate specificity. The hydrolysis of NADP+ by each preparation of NAD glycohydrolase, relative to hydrolysis of NAD+ was: for microsomal NAD glycohydrolase, 80%; for ~M -N~C I NAD glycohydrolase, 59%; and for DNA-bound NAD glycohydrolase, 0 %.
Poly(ADP-ribose) polymerase activity.
No radioactivity was incorporated into the acid-insoluble material from reaction mixtures containing either the microsonial NAD glycohydrolase or the 2M-NaCI NAD glycohydrolase preparation. However, significant incorporation of radioactivity was found in the acid-insoluble precipitate [poly(ADPribose)] from the reaction mixture containing the DNA-bound NAD glycohydrolase. The incorporation of radioactivity into the acid-insoluble material was Mg2+-dependent, required the presence of histones and was proportional to the amount of preparation used.
Characterization of the nuclear N A D glycohydrolases
It was of interest to determine if the NAD glycohydrolase in the ~M -N~C I fraction from the Ehrlich-ascites-cell nucleus was associated with the nuclear membrane. For comparison, the plasma membrane and the niicrosomal (endoplasmic reticulum) fraction from the Ehrlich ascites tuniour cells were also isolated and assayed. Fig. 1 shows the density distribution and NAD glycohydrolase activity of typical nuclear, microsomal and plasma preparations on a 20-55 (w/w) sucrose gradient. The plasma-membrane preparation had a peak density of 1.121 and the material present in this fraction had no measurable NAD glycohydrolase activity. In contrast, both the microsomal-and nuclear-membrane fractions, which had densities of 1 .I84 and 1.213 respectively, contained NAD glycohydrolase activity. The NAD pyrophosphatase activity was also measured (Skidmore & Trams, 1970) . The relative total NAD glycohydrolase and NAD pyrophosphatase activities in each sample were 0 and 100% for the plasma-membrane, 75 and 25 % for the microsomal-membrane and 85 and 15 % for the nuclear-membrane preparations.
These results suggest the possibiIity that the particular nature of the NAD glycohydrolase complex in the cell may determine the properties and consequently the specificity of the enzyme.
Siebert & Humphrey (1965) have suggested that the location of NAD pyrophosphorylase in the cell nucleus indicates a regulatory function of the nucleus over certain cellular activities. A decrease in the concentration of NAD+ has been reported to be characteristic of rapidly dividing tissues and the NAD pyrophosphorylase activity has been shown to be inversely related to the activity of another nuclear enzyme, namely, poly(ADP-ribose) polymerase (Haines et al., 1969; Solao & Shall, 1971) . These reports suggest that the activity of NAD pyrophosphorylase may be closely related to a nuclear 
. Density distribution ofplasina (a), niicrosomal (b) and nuclear (c) membranes from Ehrlich ascites cells
The sucrose gradient (6, Ezso) was 20-55 % (w/w) in 0.01 M-potassium phosphate buffer (pH7.4) and 0.07M-KCI. Each preparation was suspended in 20% sucrose and was layered on top of the preformed gradient. Centrifugation was for 4.5 h at 28000rev./min in an SW39 rotor. NAD glycohydrolase activity (0; units/ml) of the samples was determined with alcohol dehydrogenase.
event which is not continuous, i.e. the replicative phase of mitosis. One aspect of NAD pyrophosphorylase activity which may be of biological importance in this regard, the synthesis of ATP from NAD', has received little or no attention. We have, therefore, initiated studies into the conditions necessary for the synthesis of ATP from NAD+ by the enzyme NAD pyrophosphorylase, and the possible significance of the location of this enzyme in the cell nucleus.
ATP synthesis by NA D pyrophosphorylase
Preliminary studies indicated that increasing the amount of NAD pyrophosphorylase in reaction mixtures resulted in a linear increase in the amount of NAD+, but not in the amount of ATP synthesized (i.e. the reverse reaction). We found that ATP synthesis could be enhanced, when the reaction was coupled with the synthesis of glucose 6-phosphate by hexokinase and glucose. For these studies, 1 ml of a reaction mixturecontained 50mM-glycylglycine buffer, pH7.4, 2 . 0 m~-P P~, ~. O~M -N A D + , 80pg of hexokinase ; l4m~-glucose and various amounts of NAD pyrophosphorylase (standard reaction mixture). Incubation was for 1 h at 37°C; the reaction was stopped by the addition of 1.0ml of cold 6% perchloric acid. The ATP was determined as glucose 6-phosphate.
The kinetics of the synthesis of ATP from NAD+ by NAD pyrophosphorylase in the presence of hexokinase and glucose are shown in Fig. 2 . ATP synthesis proceeded linearly with time ( Fig. 2a) and was proportional to the concentration of NAD pyrophosphorylase used (Fig. 26) . In the presence of hexokinase and glucose, there was a significant increase in the amount of ATP synthesized. When either hexokinase or glucose were omitted, the amount of ATP synthesized was the same as that produced by the system in which both were absent (Fig. 20) . 
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537th MEETING, CANTERBURY in the reaction mixture resulted in the synthesis of 37nmo1, or 83% of the ATP that could be synthesized under optimum conditions, whereas only 22nmol or 50 % ATP was formed when the concentration of PPi was 0.5 mM was noteworthy. In addition, the sharp linear slope of the curve below l.OmM-PP, suggests that the concentration of PPi in the reaction mixture at any given time may be the limiting factor in the synthesis of ATP by NAD pyrophosphorylase. The synthesis of ATP from thio-NAD+, deamino-NAD+, the 3-acetylpyridine analogue of NAD+, or NADP+ by NAD pyrophosphorylase was studied. None of these analogues could replace NAD+ as a substrate for the enzyme in this reaction. The question of the location of the NAD pyrophosphorylase in the nucleus of the Ehrlich-ascites tumour cell was investigated. We found that the enzyme did not leak out of the intact nuclei during a 1 h incubation at 37°C in a reaction mixture without NAD+. The synthesis of ATP by preparations of intact nuclei and of sonicated nuclei containing equal amounts of NAD pyrophosphorylase activity was studied in the absence of hexokinase and glucose. Three times as much ATP was synthesized by whole nuclei as by the sonicated preparation. When hexokinase and glucose were added, the synthesis of ATP by both the sonicated and whole nuclear preparations were increased 39-and 15-fold, respectively. The number of moles of ATP synthesized in the presence of hexokinase and glucose in 1 h was essentially the same as the amount of NAD+ which this enzyme would synthesize/h of incubation (whole nuclei, 570+33 nmol; sonicated nuclei 640 f 30 nniol).
Preparation of nuclear membr.ane
Since the presence of hexokinase and glucose resulted in a marked stimulation of ATP synthesis in both the whole nuclei and sonicated nuclei, the possibility existed that the enzyme NAD pyrophosphorylase was located at or near the surface of the nucleus. Nuclear membranes were prepared from mouse ascites-cell nuclei and were washed twice by suspension in glycylglycine-buffered sucrose solution, pH7.4, with a density of 1.14. This suspension was centrifuged at 60000g for lOmin and 0.5ml portions of the supernatant solution were centrifuged for 2 h through a discontinuous sucrose gradient. Fractions (20 drops) were collected, and the protein, NAD pyrophosphorylase activity and specific gravity of each fraction were determined. A sharp NAD pyrophosphorylase activity peak was found in those fractions having a specific gravity ranging between 1.17-1.18. The fractions containing NAD pyrophosphorylase activity were pooled, diluted with glycylglycine buffer and centrifuged at 105000g for 1 h. The pellet was fixed and sectioned for examination under an electron microscope. Smooth vesicles of a size and shape typical of membrane structures and which were comparable with those of the nuclear membranes observed by Kashnig & Kasper (1969 ), Mizuno et al. (1971 ), Franke et al. (1970 ) and Berezney et al. (1970 were observed. It is well documented that there is a rapid passage of nucleotides into and out of the isolated nucleus and that the normal ATP needs of these nuclei may be fully met in this way. The marked decrease in NAD+ and increased NAD pyrophosphorylase activity in rapidly dividing tissues, suggests the possibility that NAD+ of the cellular pool may be used in the synthesis of ATP by this nuclear enzyme in response to increased energy requirements of the nucleus.
Our results with a system iiz vitro demonstrate the synthesis of ATP from NAD+ and PPi, by NAD pyrophosphorylase, when an ATP-trapping system is present. Accordingly, nuclear enzymes such as DNA ligase, DNA polymerase and the replicative phase of mitosis might derive additional ATP from NAD+ pyrophosphorolysis. The association of NAD pyrophosphorylase with the nuclear membrane suggests a role for the transport of ATP or NAD+ into or out of the nucleus. 
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VOl. 1 Poly(ADP4bose) polymerase was partially purified from nuclei of the liver of rats (Doly, 1968; Yamada el al., 1971; Yoshihara, 1972) . A reconstructed system for the synthesis of poly(ADP-ribose) was established by the enzyme preparation, DNA and histone (Yamada el a!., 1972). In the presence of higher concentrations of histone, polyanion, either poly(U), poly(A), poly(C), polyvinyl sulphate or methyl dextran sulphate, was also effective. The addition of DNA and histone markedly increased both the number and the length of poly(ADP-ribose) chains. In the presence of histone, acid-soluble oligonucleotides, poly(dG)-poly(dC) and poly[d(A-T)] in this order increased both the number and the length of poly(ADP-ribose) chains. It was revealed that poly(ADP-ribose) of short chain-length synthesized in the absence of DNA and histone was elongated to poly(ADP-ribose) of long chain-length on addition of DNA and histone to the incubation medium.
After incubation of the reconstituted system (partially purified enzyme, DNA and histone) with [14C]NAD, the radioactive reaction product retained on a membrane filter was equal to the acid-insoluble radioactivity. Further, about 20 % of the acidinsoluble reaction product was recovered at the density of protein on equilibriumdensity-gradient centrifugation by using CsCl and guanidinium chloride. This might indicate that the reaction product was associated, at least partly, with protein through a covalent bond.
Poly(ADP-ribose) synthesis during the cell cycle with highly synchronized transformed hamster lung cells was studied by radioautography. Radioautography was performed after the incubation of the cells with t3H]NAD in the presence of 2M-(NH4)2S04r which enabled NAD to penetrate through cell membrane. In the G2-phase, 70% of the cells were labelled with an average grain count of 69/nucleus. In the M-and late-S-phases, only 5 and 12%, respectively, of the cells were labelled. There was a second peak of incorporation of the radioactivity in the GI-phase, in which 31 % of the cells were labelled. In the telophase, silver grains were localized exclusively over the cytoplasm and no grain was localized over the nuclei, whereas silver grains were localized only over the nuclei in the G1-and G2-phases. Enzymic assay with [14C]NAD showed that the specific activity of poly(ADP-ribose) polymerase of isolated nuclei
